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Summary
Echinoid is an immunoglobulin domain-containing
transmembrane protein that modulates cell-cell sig-
naling by Notch and the EGF receptors. We show that,
in the Drosophila wing disc epithelium, Echinoid is a
component of adherens junctions that cooperates
with DE-Cadherin in cell adhesion. Echinoid and
-catenin (a DE-Cadherin interacting protein) each
possess a C-terminal PDZ domain binding motif that
binds to Bazooka/PAR-3; these motifs redundantly
position Bazooka to adherens junctions. Echinoid
also links to actin filaments by binding to Canoe/
AF-6/afadin. Moreover, interfaces between Echinoid−
and Echinoid+ cells, like those between DE-Cadherin−
and DE-Cadherin+ cells, are deficient in adherens
junctions and form actin cables. These characteris-
tics probably facilitate the strong sorting behavior of
cells that lack either of these cell-adhesion mole-
cules. Finally, cells lacking either Echinoid or DE-
Cadherin accumulate a high density of the reciprocal
protein, further suggesting that Echinoid and DE-
Cadherin play similar and complementary roles in
cell adhesion.
Introduction
During animal development, differential adhesive in-
teractions among cells in combination with cell motility
play important roles in promoting either the recognition
and assembly of cells with similar properties or the seg-
regation of cells into distinct cell populations (Steinberg
1962, 1963). Thus, cells with either different amounts of
a cell adhesion molecule (CAM) or with different CAMs,*Correspondence: lshsu@life.nthu.edu.twlike the cadherins, will sort out into distinct phases
(Nose et al., 1988; Friedlander et al., 1989; Steinberg
and Takeichi, 1994; Inoue et al., 2001). Similarly, in Dro-
sophila, the posterior localization of the oocyte within
the germline cyst is mediated by the spatially restricted
accumulation of DE-Cadherin (DE-Cad) (Godt and Tep-
ass, 1998; González-Reyes and St Johnston, 1998). Ad-
ditionally, in Drosophila wing imaginal disc, the larval
epithelia that will give rise to the wings and most of the
mesothorax, loss of DE-Cad causes cells to sort out
from wild-type cells (Le Borgne et al., 2002). These find-
ings stress the importance of cadherins for cell adhe-
sion and recognition. Although it is well known that
cells with different adhesive properties do not intermin-
gle, the mechanisms that operate at both sides of an
affinity boundary to maintain the physical segregation
are largely uncharacterized.
Cadherin is the major CAM of adherens junctions
(AJs), one of the specialized structures that mediate
cell-cell adhesion. Here, Cadherin also participates in
the regulation of various signaling pathways (Wheelock
and Johnson, 2003). Cadherin utilizes the “cadherin re-
peat” to form cis-dimers on the same cell and trans-
dimers with adjacent cells. The intracellular domain of
cadherin associates with Armadillo (Arm)/β-catenin.
This binds α-catenin, which in turn links to Actin fila-
ments directly or indirectly through α-Actinin, vinculin
and ZO-1 (Perez-Moreno et al., 2003). These interac-
tions establish Actin bundles that link cells together. In
addition to AJs, a typical polarized Drosophila epithelial
cell comprises other specialized junctional structures,
including the marginal zone (subapical region, above
the AJs), septate junctions (SJs, below the AJs), and,
more basally, the Gap junctions (GJs). Except GJs,
which are composed of the innexin family of proteins
(Phelan and Starich, 2001), the remaining junctions
consist of evolutionarily conserved multiprotein com-
plexes (for reviews see Muller, 2000; Ohno, 2001; Tep-
ass et al., 2001; Knust and Bossinger, 2002; Schock
and Perrimon, 2002; Nelson, 2003; Etienne-Manneville
and Hall, 2003; Roh and Margolis, 2003; Johnson and
Wodarz, 2003; Henrique and Schweisguth, 2003; Ma-
cara, 2004).
The Crumbs (Crb) and the Bazooka (Baz)/Par-3 com-
plexes are the two major multiprotein complexes that
accumulate at the marginal zone and, in the epithelia of
the Drosophila embryo, are required to maintain apico-
basal polarity (Wodarz et al., 1995; Muller and Wiesch-
aus, 1996). The Baz complex is also present at AJs (Pe-
tronczki and Knoblich, 2001; Le Borgne et al., 2002;
Bilder et al., 2003; Benton and St. Johnston, 2003a). A
third complex, the Disc Large (Dlg) complex, localizes
at SJs (Bilder et al., 2000). Many members of these
complexes contain the PDZ protein-protein interacting
domain, but Cadherin and Crb are the transmembrane
molecules that organize the cadherin/catenin and Crb
complexes, respectively. The mechanisms to position
other cytosolic junctional proteins to specific regions
along the apical/basal axis are under extensive investi-
gation. For example, the apical localization of Baz in
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494the follicular epithelium is regulated by two redundant s
smechanisms: lateral exclusion and apical anchoring. In
the first, the basolateral-localized Par-1 kinase ex- m
dcludes Baz from the lateral surface by phosphorylating
it. This allows the binding of 14-3-3 (Par-5), which inhib- t
tits formation of the Baz complex (Benton and St. John-
ston, 2003b; Hurd et al., 2003a). In the second, Baz is A
Atethered to the apical domain by binding with compo-
nents of the Crb and the Baz complexes (Nam and t
cChoi, 2003; Hurd et al., 2003b; Sotillos et al., 2004).
Here, we provide evidence for another mechanism, re- a
adundantly mediated by DE-Cadherin/β-catenin and
Echinoid (Ed), to anchor Baz to AJs in the wing imaginal
disc epithelium. R
Ed is a member of another family of CAMs, that of
the immunoglobulin (Ig) domain-containing proteins. As S
csuch, it contains seven Ig domains, two fibronectin type
III (Fn III) domains, and a transmembrane (TM) domain, T
tfollowed by a 315 amino acid intracellular region with-
out easily identifiable functional motifs (Bai et al., 2001). t
tEd can participate in either homophilic or heterophilic
(with Neuroglian) interactions (Islam et al., 2003). It neg- T
patively regulates the EGFR signaling pathway during
Drosophila eye development (Bai et al., 2001; Rawlins t
set al., 2003a; Spencer and Cagan, 2003), and it facili-
tates Notch signaling during embryonic neurogenesis 1
aand adult sensory bristle patterning (Escudero et al.,
2003; Ahmed et al., 2003; Rawlins et al., 2003b). In this o
creport, we focus on the function of Ed as a CAM. We
find that Ed colocalizes with DE-Cad to AJs and con- c
ltains a C-terminal PDZ domain binding motif that, to-
gether with Arm, redundantly anchors Baz to AJs. In S
taddition, and similarly to DE-Cad, Ed can link to Actin
filaments by binding to Canoe (Cno). We further ob- nFigure 1. Ed Localizes at AJs and Its Loss
Can Lead Cells to Have a Reduced Apical
Surface and Higher Density of Arm
(A–A%) Cross-section of a third-instar wing
disc triple labeled with anti-Crb (green), anti-
Ed (red), and anti-DE-Cad antibodies (white).
(B–B%) A similar cross-section triple labeled
with anti-Dlg (green), anti-Ed (red), and anti-
Baz antibodies (white).
(C–C$) ed1x5 M+ clones in third-instar wing
disc stained for Ed (red) and Arm (green).
ed−/− cells have reduced apical surfaces.
ed−/− and ed+/− cells forming the border of
the clone adopt enlarged rectangular shapes
(asterisk). Arm is depleted at the interface
membrane (arrows). Inset: Arm is absent at
an interface membrane (arrowhead).
(D) Relatively large clone stained for Arm.
The apical reduction effect is decreased.
(E and E#) Sagital view of Arm-stained clones
(green) marked by the absence of β-galacto-
sidase (red). Density of Arm (green) is higher
in smaller (arrow) than larger (arrowhead)
clones.erve that ed−/− mutant cells strongly segregate from
urrounding ed+/− cells, apparently by the following
echanism. First, ed mutant cells accumulate a high
ensity of DE-Cad, Arm, and Actin, which may increase
heir cell-cell affinity. Second, at the interface of ed mu-
ant cells with ed+/− cells, accumulation of Ed, DE-Cad,
rm, and Baz is depleted, and, therefore, formation of
Js is compromised. Third, an Actin cable appears at
he interface between ed mutant cells and wild-type
ells that may contribute to confine the ed cells. These
nd other data indicate that Ed has functions similar to
nd cooperates with DE-Cad to mediate cell adhesion.
esults
everal observations prompted the study of Ed as a
anonical CAM in the monolayered wing imaginal disc.
hus, mitotic recombination clones of cells mutant for
he null allele ed1x5 exhibited rounded and smooth con-
ours (Figure 1C# and Escudero et al., 2003), in contrast
o clones of wild-type cells that show wiggly shapes.
his indicated that ed−/− cells have distinct adhesive
roperties and assort with themselves rather than with
he surrounding ed+/− M+/−cells. (ed1x5 clones were M+,
ince without a growth advantage (Morata and Ripoll,
975) they hardly survived (Escudero et al., 2003).) We
lso observed that Ed was absent from the membrane
f the heterozygous cells that contacted the mutant
ells (Figure 1C' and Rawlins et al., 2003b), a finding
onsistent with the observation that Ed forms homophi-
ic interactions (Islam et al., 2003; Rawlins et al., 2003b;
pencer and Cagan, 2003) and that these are required
o incorporate/stabilize Ed at the cell membrane. Fi-
ally, we found that Ed was localized basally to the api-
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495cal marker Crb (Figure 1A%) and apically to the basolat-
eral marker Dlg (Figure 1B%). In fact, Ed colocalized
with both DE-Cad (Figures 1A# and 1A$) and Arm (data
not shown), and, therefore, it might be part of AJs. AJs
are structures important for cell-cell contact and re-
cognition. So, these results suggested that Ed plays a
role in cell-cell adhesion.
ed−/− Cells Adopt Distinct Shapes and Do Not Form
Proper AJs with ed+/− Cells
We examined whether Ed affects components of AJs
by analyzing the localization of Arm within ed mutant
clones. Arm strongly accumulated at the apical mem-
branes of ed−/− cells, and these cells had a reduced
apical surface (Figures 1C–1C$). Both effects were
clear in small clones (Figures 1C, 1E, and 1E#), but cells
within larger clones (over hundreds of cells) had both
the density of Arm and the apical surface more similar
to those of the wild-type cells (Figures 1D, 1E, and 1E#).
Similar observations were made with DE-Cad and Actin
(Figures 2A–2A$ and 2B–B$). We suggest that the in-
creased concentration of these molecules in small
clones most probably results from the apical constric-
tion as supported by the accumulation of nonmuscle
myosin II (Figure 2F), without a net per cell increment
of these proteins. Alternatively, it could result from in-
creased stability of these proteins. The apical constric-Figure 2. ed−/− Cells Do Not Form Proper AJs
with ed+/− Cells
(A–A$) ed clones stained for Ed (red) and DE-
Cad (green). Arrows: DE-Cad is depleted at
the interface membrane.
(B–B$) Actin-staining (green). ed clones are
surrounded by an Actin cable (arrow). Insets:
high magnification image suggest actin ca-
ble is derived from the interface wild-type
cells (arrowhead).
(C) Baz staining (green). Arrows: Baz is al-
most absent from the interface membrane of
ed clones.
(D and D#) Notch (green) is not affected at
the interface of ed clones.
(E and E#) Dlg (green) is not affected in ed
clones (absence of red), and it is present at
the interface membrane (arrow). White line:
at the plane of SJs, the clonal boundary is
not as smooth as at the level of AJs (A#, B#,
and D).
(F) Nonmuscle myosin II accumulates at the
interface membrane (arrows) and cells inte-
rior of the ed clone (marked by elevated Arm
staining, data not shown).tion continued through the SJs and ended at the planes
just below the GJs as revealed by an Innexin antibody
(data not shown). Hence, these ed−/− cells adopt a bot-
tle shape. Note that, in contrast, the apposed ed−/− and
ed+/− cells that form the border of the clone enlarged
and adopted a rectangular shape (Figure 1C$, aster-
isks). At this interface, the ed−/− cells often contacted
the heterozygous cells by their long sides, as in an at-
tempt to minimize the number of cells that formed the
interface.
Interestingly, Arm and DE-Cad, but not Actin, were
depleted at the interface membrane of both small (Fig-
ure 1C and 2A, arrows) and large clones (data not
shown). This suggested that ed−/− and ed heterozygous
cells discriminate one another and that AJs do not form
properly in between them.
An Actin Cable Surrounds ed Clones
ed clones were surrounded by an Actin “cable” (Figures
2B–2B$). High-magnification images suggest that the
cable is contained within the ed heterozygous cells sur-
rounding the clone and that it is therefore generated by
these cells (Figures 2B–2B$, insets). Several observa-
tions suggest that this Actin cable exerts a force. The
cells surrounding an ed clone elongate toward the
clone (Figures 1C# and 2B#) and accumulate nonmuscle
myosin II at the interface membrane (Figure 2F), as at-
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496tempting to cover the space exposed by the apically t
aconstricted ed−/− cells. This effect is reminiscent of the
stretching of the leading-edge cells that will cover the c
tunderlying amnioserosa during dorsal closure of the em-
bryos (Jacinto et al., 2001). In the wing disc, the bound- r
bary that separates the dorsal (D) and ventral (V) regions
of the wing pouch has the shape of a smooth arc and t
ccontains an actin “fence”. After the second instar, this
boundary corresponds to a compartment border that a
timposes absolute restrictions to cell lineages (García-
Bellido et al., 1973; for reviews see McNeill, 2000; Irvine p
tand Rauskolb, 2001; Tepass et al., 2002). Large ed−/−
clones close to or touching this boundary displaced it N
Atoward the clones (Figure 3A; 29 out of 33 clones exam-
ined). In contrast, ed clones that straddled the bound- t
cary did not overtly distorted it (Figure 3A; 17 out of 20
clones examined), although the boundary could be less
smooth within the clone (Figure 3A). (Straddling clones e
Tmight be originated before the compartment border
was established or might be formed of D and V clones t
lthat fused together, see below.) Moreover, the Actin ca-
ble surrounding the clones could fuse with the Actin (
bfence at the D/V boundary, suggesting that the distor-
tion of this boundary was effected through this Actin s
Mlinkage (Figure 3B). Control ed+ M+ clones did not in-
duce such distortions (data not shown). These observa- t
(tions suggest that the Actin cable may contribute to
the roundish shape of the ed clones and help confine s
otheir cells.
g
ced Clones in the Adult Wing
In the adult, wings of individuals in which ed1x5 M+ w
aclones were induced displayed rounded areas with al-Figure 3. ed1x5 M+ Clones Can Pull the D/V
Compartment Boundary and Can Join To-
gether
(A) Wing pouch of a third-instar disc showing
ed1x5 M+ clones (absence of green). Cut (red)
and Sens (blue) reveal the D/V compartment
boundary. (v): ventral clone; (d) dorsal clone.
Arrowheads: distortions of the boundary. As-
terisk: a boundary-straddling clone.
(B) The Actin fence (phalloidin staining, red/
yellow) that runs along the D/V boundary
(white arrowhead) appears to be linked to
(red arrowheads) and pulled by two ed1x5 M+
clones (absence of green). In large clones,
the Actin cable is clearly seen at some inter-
faces (arrow), but not at others. Inset: red
channel shows where the clone cable ap-
pears to connect with the D/V fence. Arrow
points to the same spot as in the main
picture.
(C) A large clone (absence of green) that
comprises A and P cells respectively marked
with anti-Ci (red) and anti-En (blue) anti-
bodies.
(D and D#) A composite clone (green contour
line) of A (red, anti-Ci antibody) and P (blue,
anti-En antibody) smo3 ed1x5 M+ cells. Blue
line: border separating A (a') and P (p') cells.
Red line: extant A/P compartment border of
the disc. (D#) same image as (D), with lines
and blue channel removed.ered patterns of trichomes (Figure 4A). When these
reas were small, the density of the trichomes was in-
reased (Figures 4C–4E), while the larger areas showed
his effect to a lesser or to no extent (Figure 4B). The
ound shape of the areas and the inverse correlation
etween size and trichome density strikingly matched
he shape of ed clones in the wing disc and the apical
onstriction of their cells. So, we concluded that the
reas indeed corresponded to ed clones. This was fur-
her supported by the finding that extra sensilla cam-
aniformia developed within appropriately located pu-
ative clones (Figure 4C), as expected from the reduced
signaling within ed clones (Escudero et al. 2003;
hmed et al., 2003; Rawlins et al., 2003b). A crease of
he cuticle (Figure 4D) often surrounded clones, espe-
ially small ones.
d Clones Can Join Together
he size of ed1×5 M+ clones generally correlated with
he period of time of growth after clone induction. Still,
arge and small clones were simultaneously observed
Figures 1C, 2A, and 2B). This was not due to apoptosis
ecause this was not detected in these clones (TUNEL
taining, data not shown). However, the fact that ed1x5
+ clones often straddled either the D/V (Figure 3A) or
he anterior/posterior (A/P) compartment boundary
Figure 3C) suggested that, despite their roundish
hapes, these clones might be composites of clones
riginated in adjacent compartments that fused to-
ether. Fusion could help explain the large range of
lone sizes. To obtain direct evidence on clonal fusion,
e induced smo3 ed1x5 M+ clones. Anterior smo3 cells
re known to migrate into the P compartment (Blair and
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497Figure 4. Wing Harboring ed1x5 M+ Clones
(A) Wing with putative ed1x5 M+ clones iden-
tified by the increased density and/or altered
pointing of trichomes displayed within
roundish domains of the cuticle. Clones as-
sociated with extra wing material (asterisk)
or a partial loss of wing vein (arrowhead).
(B–E) Magnified views of some clones. Lower-
case letters indicate their locations in (A).
(B) Relatively large clone with slightly dis-
rupted pointing of trichomes and almost nor-
mal trichome density.
(C) Small clone with increased trichome den-
sity. Arrowhead: an ectopic sensillum campan-
iforme. Asterisk: extant sensillum of vein L3.
(D) A crease of the cuticle (arrowhead) sur-
rounds many small clones.
(E) Clone associated with extra vein material
and increased trichome density.Ralston, 1997; Rodríguez and Basler, 1997). Thus, smo3
ed1x5 M+ clones induced in the A compartment (re-
vealed by the anterior marker Ci) would be expected to
migrate to the P compartment and join posterior smo3
ed1x5 M+ clones (revealed by the posterior marker En).
Composite clones were indeed found and these had
roundish smooth shapes (Figures 3D and 3D#). Control
smo3 M+ clones were not round (data not shown; Blair
and Ralston, 1997; Rodríguez and Basler, 1997). Inter-
estingly, the sorting behavior of the ed cells did not
abolish the characteristic segregation of A and P cells
because they did not intermix within the composite
clone (Figure 3D). This suggests that the adhesive
properties conferred upon cells by Ed and by the A/P
specification system are independent of each other and
can be simultaneously manifested. Within the compos-
ite clone, the border between A and P cells was not
straight, perhaps a result of the forces that impose the
roundish contour.
Baz Is Depleted at the Interface
Membrane of ed Clones
The above results suggested that AJs are properly
formed between ed cells but not so at the interface
membrane of ed clones. Next, we examined in these
clones the distribution of proteins of the apical and ba-
solateral complexes. Baz, which colocalizes with Ed at
AJs (Figure 1B%), was properly localized within ed
clones (Figure 2C). But similarly to Arm, DE-Cad, and
Ed, Baz was almost completely lost from the interface
membrane (Figure 2C, arrows). A similar distribution
(data not shown) was found for aPKC, another compo-
nent of the Baz complex (Wodarz et al., 2000). This indi-
cated that Baz and aPKC required intact AJs to be cor-
rectly localized. In contrast, Notch (N), which also
localizes to AJs, was present at apparently normal
levels within the clone and at the interface membrane
(Figures 2D and 2D#).
ed clones did not affect the distribution of Dlg (Fig-
ures 2E and 2E#) and Crb (data not shown), which sug-
gests that SJs and the apical complex are established
independently of Ed.Ed and Baz Colocalize in shg Clones
The above results suggest that Ed is a constituent of
AJs, and its removal remarkably modifies the adhesive
properties of cells causing their sorting out. We next
asked whether removal of DE-Cad, the main cell adhe-
sion protein in AJs (Tepass et al., 2001), affects the dis-
tribution of Ed. Similarly to ed clones, clones mutant
for the strong shgIG29 allele had roundish smooth
shapes (with an encircling Actin cable, data not shown),
and their cells were apically constricted (Figures 5A–
5A$, and Le Borgne et al., 2002). In between shg−/−
cells, if the clones were small, Ed was regularly distrib-
uted (Figure 5A#, inset). However, in larger clones, Ed
was either discontinuously distributed (Figure 5A#, ar-
row, and Figure 7C#) or present in small aggregates
(Figure 5C#), suggesting its gradual disappearance. Ed
was also depleted from the interface membrane (Fig-
ures 5A#, arrowhead). Together, these results suggest
that DE-Cad is required to maintain Ed at AJs and that
in small clones there may remain sufficient DE-Cad to
fulfill this requirement (Uemura et al., 1996; Tepass et
al., 1996). Because DE-Cad was absent from the inter-
face of shg−/− clones (data not shown), it was expected
that the DE-Cad-associated Arm would also be absent
from this interface membrane (Figure 5A, arrowhead).
The depletion of both Baz and DE-Cad at the inter-
face of ed clones (Figure 2C) suggested that Baz re-
quires DE-Cad for its localization to AJs. To confirm
this, we looked at the distribution of Baz in shg clones.
In small clones Baz still accumulated in between shg−/−
cells (Figure 5B), but it was strongly reduced at the
interface membrane (Figure 5B, inset). This pattern was
reminiscent of the distribution of Ed in shg clones, and
indeed most Baz colocalized with Ed (Figures 5B–5B$).
In larger clones, Baz and Ed were codepleted from the
membrane of shg−/− cells, while the remaining Baz
formed aggregate staining that largely colocalized with
the remaining Ed (Figures 5C–5C$). Therefore, Baz may
localize to AJs through DE-Cad/Arm- (in the absence
of Ed) or Ed- (in the absence of DE-Cad/Arm) depen-
dent and redundant processes. Baz would only be
strongly depleted when DE-Cad/Arm and Ed were
simultaneously removed, as it occurs at the interface
Developmental Cell
498Figure 5. Ed and Baz Colocalize in shg
Clones
(A–A$) shgIG29 clones marked by the ab-
sence of Arm (green). Arrowhead: Arm and
most Ed (red) are lost at the interface mem-
brane. Inset: the distribution of elevated Ed
is normal in small clones (A#). Arrow in A#:
Ed is discontinuously distributed in medium-
sized clones.
(B-B$) Arrows point at three shg−/− clones
marked by the absence of GFP (data not
shown). Elevated Baz (green) and Ed (red)
colocalize and accumulate in between shg−/−
cells (B). Inset: Baz is strongly reduced at the
interface membrane (arrowheads).
(C–C$) Larger shg clone. Most Baz (green)
colocalizes with the fragmented Ed staining
(red).
(D and D#) shg clone (absence of green) dis-
rupts apical Crb (red).
(E and F) shg clone does not disrupt the ba-
solateral Dlg (F). In the same clone the more
apical Ed (E) is discontinuous.
(G–G$) bazxi106 clones (absence of GFP,
blue). DE-Cad (green) and Ed (red) are not af-
fected.membrane of ed clones or in large shg clones. We p
Ctested this prediction further in the following section.
tWe also assessed the role of DE-Cad in the establish-
cment of the apical region and basolateral junctions by
Eanalyzing the distribution of Crb and Dlg in shg clones.
BRemoval of DE-Cad disrupted the apical Crb (Figure
o5D), but it did not modify the basolateral accumulation
wof Dlg, even when the pattern of apical Ed had started
ito break up (compare Figure 5E and 5F). Thus, in wing
wdiscs and in contrast to Ed, DE-Cad is important to set
Eup the apical domain, while the localization of Dlg to
oSJs seems independent of both molecules.
c
D
Both Ed and Arm Bind the PDZ Domain of Baz t
To test the hypothesis that Baz is maintained at AJs p
through Ed- and DE-Cad/Arm-dependent processes, s
we examined whether Baz can directly interact with a
these molecules. Ed possesses a C-terminal EIIV motif n
that is a potential PDZ domain binding sequence (Hung
and Sheng, 2002) and is conserved in the Ed protein of b
mmosquitoes and C. elegans (Vogel et al., 2003). In GSTull-down assays, a fragment of Ed containing the
-terminal 50 amino acids (EdC50) bound in vitro
ranslated Baz-2, a 445 amino acid fragment of Baz that
ontains its three PDZ domains (Figure 6A). Removal of
IIV (EdC504) suppressed its ability to interact with
az-2. As controls, EdC50 did not bind the PDZ domain
f Scrib (Figure 6A) or the zinc finger protein Weckle,
hich has no PDZ domain (data not shown). This direct
nteraction was confirmed by yeast two-hybrid tests in
hich EdC50, but not the terminally deleted counterpart
dC504, interacted with Baz-2 (data not shown). More-
ver, to verify that the interaction occurs in vivo, we
oimmunoprecipitated Ed-containing complexes from
rosophila embryo lysates. Western blot analyses of
hese Ed-immunoprecipitated complexes revealed the
resence of Baz (Figure 6C, upper panel). These data
upport a direct and specific interaction between Ed
nd Baz and show that the intracellular carboxy termi-
us of Ed is a binding motif for PDZ proteins.
Next, we examined whether DE-Cad/Arm can directly
ind Baz. Mammalian Arm/β-catenin contains a C-ter-
inal PDZ domain binding motif that associates with
Ed and Cell Adhesion
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(A and B) In vitro GST pull-down assays. Arrows: expected sizes of in vitro translated Baz-2 and Scrib, respectively (A) Binding of GST-Ed
polypeptides to 35S-labeled or 35S-labeled Scrib.
(B) Binding of GST-Arm polypeptides to 35S-labeled Baz-2. Details in text.
(C) Coimmunoprecipitations in lysates from wild-type embryos. In vivo interactions between Ed and Baz (upper panel), Arm and Baz (middle
panel), and Ed and Cno (lower panel). Goat serum was used as a negative control. 5% input is shown.the PDZ domain of mammalian homologs of LIN-7, a
motif largely conserved in evolution (Perego et al.,
2000). In GST pull-down assays, the C-terminal 54
amino acids of Arm (ArmC54) bound Baz-2, but a mu-
tated form that lacked the last ten amino acids
(ArmC5410) failed to do so (Figure 6B). As a control,
ArmC54 did not bind the PDZ domain of Scrib (data not
shown). A positive interaction was also observed in
yeast two-hybrid tests with ArmC54, but not with
ArmC5410 (data not shown). Furthermore, Arm coimmu-
noprecipitated with Baz in embryo lysates (Figure 6C,
middle panel). Taken together, our data suggest that Ed
and Arm can independently bind Baz through their
C-terminal PDZ binding motifs and support our hypoth-
esis that Ed and DE-Cad/Arm can redundantly localize
Baz to AJs.
Baz was not necessary for the localization of Ed and
DE-Cad at AJs. Clones mutant for the strong bazxi106
allele did not modify the distribution of Ed and DE-Cad
at AJs (Figures 5G–5G$). Ed also localized normally in
clones lacking Par-6, another member of the Baz com-
plex (data not shown).
Ed Binds Cno and Is Required for Cno
Accumulation at AJs
We examined whether Ed is also required to localize
other PDZ domain-containing proteins to AJs. Cno, the
homolog of mammalian Afadin, is located at AJs and
possesses a PDZ domain and an F-Actin binding do-
main (Miyamoto et al., 1995; Matsuo et al., 1999). We
found that EdC50, but not EdC504, binds a 380 amino
acid fragment of Cno that contains its PDZ domain (Fig-
ure 7A). Consistent with this result, we found that Ed
and Cno also coimmunoprecipitate in embryo lysates
(Figure 6C, lower panel). To assess the biological signi-
ficance of this interaction, we examined the localization
of Cno in ed and shg clones. Within ed clones, Cno
staining was decreased and formed discontinuous ag-
gregates along the Arm enriched membranes (Figures
7B–7B$, and inset). At the interface, Cno mainly accu-
mulated, together with Ed, at the tip of the membraneof wild-type cells (Figure 7B), and was either absent
(Figure 7B, arrowheads) or formed aggregated staining
along the interface membrane, where there is no Ed.
Moreover, overexpression of a UAS-ed transgene leads
to strong accumulation of Cno (Figures 7D and 7D#).
Within shg clones, the distributions of Ed and Cno com-
pletely matched, even when Ed distribution was dis-
continuous (Figures 7C–7C$, arrows). Together, these
results indicate that Ed is required to localize correctly
Cno at AJs. Although the EIIV motif of Ed binds Baz
and Cno, in a competitive binding assay, increasing
concentration of Cno led to decreasing binding be-
tween Ed and Baz (data not shown). This suggests that
Baz and Cno binding to Ed is mutually exclusive.
Discussion
DE-Cad is a classical homophilic cell adhesion mole-
cule of AJs. It interacts with β-catenin/Arm, which in
turn binds α-catenin. Through the association between
α-catenin and F-Actin, DE-Cad establishes links be-
tween cells that connect to the Actin cytoskeleton. In
this report, we show that Ed is another CAM that, at
the resolution of confocal microscopy, is also located
at the AJs of imaginal disc cells. While cells in clones
mutant for ed still seem to form normal AJs, the cells
at the border of the clone seem impaired in forming
them. We hypothesize that this may help them segre-
gate from surrounding ed+/− cells. We identify Ed as a
binding partner for PDZ proteins that, similarly to Arm,
helps localize Baz to AJs. Moreover, we find that
through the binding of Cno, Ed, like DE-Cad/β-catenin,
may link to F-Actin. Hence, Ed has functions in cell-cell
adhesion similar to those of DE-Cad (Figure 7E).
Ed-Mediated Cell Adhesion
The differential adhesion hypothesis proposes that cell
sorting may be driven by differences in the quantity
and/or quality of adhesive molecules displayed on the
surface of cells (Steinberg, 1978). In keeping with this
hypothesis, we find that ed−/− cells sort out from ed+/−
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Cno Accumulation at AJs
(A) In vitro GST pull-down assay. Binding of
GST-Ed polypeptides to a 35S-labeled frag-
ment of Cno that contains its PDZ domain.
(B–B$) ed clones (absence of blue) show de-
creased puntate-like staining of Cno (red) on
the Arm (green, inset in B') enriched mem-
brane. Cno is either absent (arrowheads) or
forms aggregated staining at interface mem-
brane.
(C–C$) shg clones. Cno (red) colocalizes with
Ed (green, arrows).
(D and D#) Cno (red) accumulates in the dor-
sal compartment of an ap-Gal4; UAS-ed
wing disc where Ed (blue) is overexpressed.
(E) Model for Ed and DE-Cad sharing similar
functions in cell-cell adhesion. Both Ed and
DE-Cad form homophilic interactions be-
tween neighboring cells. Ed uses its C-ter-
minal EIIV motif to localize Baz or Cno to AJs
in a mutually exclusive manner. Cno, in turn,
associates with F-Actin. This is similar to DE-
Cad, which uses Arm and α-catenin to bind
Baz and F-Actin, respectively.cells, as shown by the remarkably round shapes and o
asmooth contours of the ed clones. Moreover, their dif-
ferential adhessiveness is also manifest by the fusion of l
wdifferent ed clones to yield composite but still roundish
clones. We suggest that contraction of the apically en- l
iriched Actin network and of the actin cable surrounding
the clone, possibly by interaction with nonmuscle myo- l
tsin II also present there, may contribute to the the api-
cal constriction of the ed−/− cells. We also observe that i
athe interface between ed+/− and ed−/− cells is depleted
of DE-Cad, Arm and Baz, besides completely lacking c
sEd. This strongly suggests that this interface is defi-
cient in AJs and probably helps to insulate ed−/− cells n
tfrom the surrounding ed heterozygous cells. We hy-
pothesize that this deficiency of AJs, which may reduce s
wadhesion between ed+/− and ed−/− cells (see below),
and the inward-pulling force generated by apical con- o
tstriction and the actin cable may help create the
smooth and rounded contour of the clones at the level mf AJs. At the plane of SJs, the clonal boundary is not
s smooth. This may be due to the presence of normal
evels of SJs, since seemingly wild-type amounts of Dlg
ere detected at the interface membrane. Normal
evels of SJs may allow the clones to remain integrated
n the epithelium. We stress that when ed clones grow
arge, the apical constriction disappears, suggesting
hat the forces responsible for this constriction become
nsufficient or no longer operate. If the force is exerted,
t least in part, by the Actin cable surrounding the
lone, as in a purse-string mechanism, it would make
ense that this force becomes ineffectual as the
umber of cells within the clone increases. Remarkably,
hese differences of apical cell constriction observed in
mall and large ed clones have a correlate on the adult
ing blade: small clones display an increased density
f trichomes, implying that their cells are small or more
ightly packed, whereas large clones have cells of nor-
al size. This indicates that the apical constriction is
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501retained through imaginal disc eversion, when the disc
epithelium changes from columnar to planar.
Mechanism of Baz Localization
In the embryonic epithelium, Baz, localized to both AJs
and the marginal zone, is the initial apical regulator
(Bilder et al., 2003; Tanentzapf and Tepass, 2003). How
is Baz recruited to the apical domain? In the follicular
epithelium, Baz is localized to this domain through lat-
eral exclusion mediated by PAR-1/14-3-3 and apical
anchoring by Crb/Sdt/Patj (Benton and St Johnston,
2003b). Our data support an additional mechanism to
localize Baz to the apical domain. Both Ed and Arm can
bind Baz through their C-terminal PDZ binding motif
and therefore they may redundantly localize Baz to AJs.
Indeed, the localization of Baz to AJs is relatively nor-
mal in the absence of either one. Most Baz is lost only
when both Arm and Ed are depleted, as it occurs at the
interface membrane of ed clones or in large shg clones
where Ed gradually breaks down. In the latter case,
there is good colocalization between Baz and the sites
maintaining residual Ed. We suggest that in the epithe-
lium of the wing disc, Baz localizes to AJs by the com-
bined effects of its binding to Ed/Arm and the lateral
exclusion of PAR-1/14-3-3. Additionally, apical anchor-
ing of Baz may be mediated by direct association be-
tween the Baz and Crb apical complexes (Hurd et al.,
2003b; Lemmers et al., 2004; Nam and Choi, 2003; Sot-
illos et al., 2004). During early embyogenesis, Ed is also
present at pseudocleavage furrows (J.-C.H., unpub-
lished data). This observation, together with the ability
of Ed to localize Baz to AJs, may explain the finding
that during cellularization, Baz can accumulate apically
in the absence of Arm (Harris and Peifer, 2004). Ed also
binds to the PDZ domain of Cno and mediates its local-
ization to AJs, where Cno interacts with F-Actin either
directly or indirectly through the association with Poly-
chaetoid/ZO-1 (Takahashi et al., 1998). Interestingly, we
find that the evolutionally conserved EIIV domain of Ed
binds Baz and Cno in a mutually exclusive manner.
Thus, the concentrations of and differential affinities
between Ed, Baz, and Cno should determine their dy-
namic equilibrium at AJs.
Although Baz is critical to form AJs in the blastoderm
and in the follicular epithelium (Muller and Wieschaus,
1996; Benton and St. Johnston, 2003a), we find that
removal of Baz (or Par-6, data not shown) from cells of
the wing disc does not affect the localization of DE-
Cad or Ed to AJs. This is consistent with the report that
in imaginal discs, Baz does not affect the localization
of DE-Cad and Dlg but is required for the asymmetric
localization of cell fate determinants (Bellaiche et al.,
2001). Together, these results suggest that in wing
discs, the Baz complex is not critical for the formation
of AJs, and that the effect of the loss of Ed on AJs
formation/maintenance is not due to Baz depletion.
Ed Has Functions Similar to and Cooperates
with DE-Cadherin to Mediate Cell-Cell Adhesion
Several similarities between the roles of DE-Cad and
Ed in the wing disc epithelium are worth noting. Both
Ed and DE-Cad are CAMs that establish homophilic in-
teractions and localize to AJs. The absence of eitherEd or of DE-Cad in cells of small clones causes their
apical constriction and strong segregation from wild-
type cells, giving rise to smooth round borders. In both
cases, the mutant cells are impaired in forming AJs with
neighboring wild-type or heterozygous cells and are
surrounded by an Actin cable. Ed interacts with Cno,
and DE-Cad with Arm, and both Cno and Arm directly
or indirectly associate with F-Actin. Thus, Ed and DE-
Cad represent two distinct classes of CAMs, with
widely different chemical compositions, that connect to
F-Actin, contribute to cell adhesion in the wing disc,
and seem to have partially overlapping functions.
On the other hand, DE-Cad and Ed differ in their abil-
ity to regulate the apical/basal cell polarity. Ed affects
components of AJs, but not those of the apical Crb and
the basolateral Dlg complexes. In contrast, DE-Cadh-
erin is necessary for Crb localization, but similarly to
Ed, it is not required for Dlg localization. Furthermore,
the maintenance of Ed at AJs requires DE-Cad. In con-
trast, localization of DE-Cad to AJs is independent of
Ed. Interestingly, the DE-Cad/Arm complex is not
essential for the formation of the follicular epithelium
(Tanentzapf et al., 2000), but upon removal of this com-
plex, the integrity of the epithelium is lost slowly over
the period of several days. This suggests that other
molecules may be maintaining the epithelial structure.
We have found that during stages 1 to 10 of oogenesis
Ed is mainly expressed in the follicle cells (Bai et al.,
2001) and that these cells, if mutant for ed, show at
low frequency a multilayered structure with disrupted
expression of some polarity markers (J.-C.H., unpub-
lished data). Thus, it will be of interest to elucidate
whether, in this epithelium, Ed and DE-Cad/Arm also
play partially redundant roles in cell adhesion and api-
cal/basal polarity. While both Ed and DE-Cad contrib-
ute to cell adhesion and recognition, it is unclear
whether each molecule imparts specific recognition
properties to cells, so that the final cell-cell affinity re-
sults from the sum of distinct affinities mediated by
these different CAMs. More specifically, can an in-
creased level (density) of DE-Cad replace the absence
of Ed? Our results showing that ed−/− cells, with either
normal levels (in large clones) or high density (in small
clones) of DE-Cad, do not intermix with wild-type cells
suggest that the binding specificity provided by a given
CAM is not overruled by a higher level (density) of a
different CAM. Moreover, the cell sorting properties
conferred by Ed cannot account for the separation of
cells at both sides of the A/P compartment boundary
of the wing disc because A and P cells do not intermin-
gle within composite ed, smo double mutant clones.
(Similarly, DE-Cad is not responsible for the sorting out
of A and P cells; Dahmann and Basler, 2000.) Hence,
cell-cell adhesion in the wing disc appears to depend
on multiple CAMs (Ed, DE-Cad, etc.), each imparting
specific cell recognition properties. Although Ed and its
C-terminal EIIV motif are conserved in invertebrates
(Vogel et al., 2003), no clear vertebrate homolog with 7
Ig domains and a PDZ domain binding motif has been
found. Nectin1-4 comprises a family of 3 Ig domain-
containing CAM that have several differentially spliced
forms and localize to AJs (for review see Takai and Na-
kanishi, 2003). Most spliced forms share a conserved
C-terminal E/A-X-Y-V that binds the PDZ domain of
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Wthe vertebrate homolog of Baz (Takekuni et al., 2003).
1In spite of these similarities, overexpression of either
nectin 1-α or 3-α did not rescue the remarkable clonal
phenotype of ed (J.-C.H., unpublished data). A
Experimental Procedures W
l
Drosophila Stocks s
Drosophila stocks were: ed1x5 (Bai et al., 2001); shgIG29 (Le Borgne U
et al., 2002); bazxi106 (Wodarz et al., 1999); smo3 (Chen and Struhl, T
1998); ap-Gal4 (Calleja et al., 1996); w hs-FLP122; P[arm lacZ] p
M(2)z FRT40 (Escudero et al., 2003); yw hs-FLP122; FRTG13 P[ubi f
GFP] and P[ubi GFP] FRT9-2; hs-FLP38 (FlyBase); and UAS-ed (Bai d
et al. 2001). N
v
CMosaic Analysis
yTo generate M+ clones of cells mutant for ed or for ed and smo, we
Fcrossed w hs-FLP122; P[arm lacZ] M(2)z FRT40/CyO females with
ew; ed1x5 FRT40/CyO or w; smo3 ed1x5 FRT40/CyO males, respec-
tively. To generate clones of cells mutant for shg and baz, we
crossed yw hs-FLP122; FRTG13 P[Ubi GFP]/Cyo females with
R
FRTG13 shgIG29/Cyo males and crossed bazxi106 FRT9-2 females
R
with P[ubi GFP] FRT9-2; hs-FLP38/Cyo males, respectively. Re-
A
combination was induced at 72–96 hr after egg laying by incubation
P
at 37°C for 1 hr (Xu and Rubin, 1993).
RHistochemistry
Immunostainings were performed as in Escudero et al. (2003). Anti-
A
bodies used were: rat anti-Ci (1:5; Slusarski et al., 1995), guinea pig
E
anti-Senseless (1:1000; Nolo et al., 2000), mouse mAb anti-En (4D9,
g
1:100; Hybridoma Bank), mouse mAb anti-Cut (1:100; Hybridoma
1
Bank), mouse mAb anti-Crb (Cq4, 1:10; Hybridoma Bank), mouse
BmAb anti-Arm (N2-7A1, 1:40; Hybridoma Bank), mouse mAb anti-
(Dlg (4F3, 1:1000; Hybridoma Bank), mouse mAb anti-Nintra (9C6,
t1:20; Hybridoma Bank), rabbit anti-Baz (1:500; Wodarz et al., 1999),
Dguinea pig anti-Ed (1:100; Ahmed et al., 2003), rat mAb anti-DE-
Cadherin (DCAD2, 1:20; Oda et al., 1994), rabbit anti-Cno (1:500; B
Matsuo et al., 1999), rabbit anti-INX-2 and 3 (1:1000; a gift of J. M
Davies), rabbit anti-Myosin II (1:500; a gift from R. Karess), mouse n
anti-β-galactosidase (Promega), rabbit anti-β-galactosidase (Cap- n
pel), and phalloidin-FITC (1:100; Sigma). Cy3- and Cy5-conjugated 3
secondary IgGs are from Jackson ImmunoResearch Laboratories. B
t
Molecular Biology l
The PCR fragments coding for amino acids 1283–1332 and 1283– B
1328 of Ed were cloned into PGEX-2T to generate GST-EdC50 and 1
GST-EdC504, respectively. The PCR fragments of amino acids 790- d
843 and 790-833 of the Arm coding region were cloned into PGEX-
B2T to generate GST-ArmC54 and GST-ArmC5410, respectively.
opMET-Baz-2, pBSK-Scrib and pBSK-Cno plasmids were made by
esubcloning the fragments coding for amino acids 303–748 of Baz
B(with the three PDZ domains), 707–1052 of Scrib (with the first two
oPDZ domains), and 820–1218 of Cno (with the PDZ domain) into
BpMET (a kind gift from Lin S.C.) and pBSK vectors, respectively. All
the PCR fragments were checked by sequencing. B
h
rProtein Interaction Assays
oFor GST pull-down assays, 15–40 g purified GST-fusion proteins
were incubated with in vitro translated 35S-labeled protein (Pro- C
mega TNT system) in HMK buffer (0.01 M HEPES, 0.143 M KCl, 5 t
mM MgCl2, 1 mM EDTA, 0.2% NP-40) for 1 hr (or overnight at 4°C) 2
and washed three times with HMK buffer. Proteins bound to beads
C
were eluted in 2X SDS loading dye, separated on SDS-PAGE gels
S
and autoradiographed.
n
For endogeneous coimmunoprecipitations, embryo lysate was
4
prepared by homogenizing an overnight collection of embryos in 2
Dvolumes of lysis buffer (50 mM Tris, [pH7.4], 150 mM NaCl, 1% NP-
p40, and a protease inhibitor cocktail (Roche)), followed by centrifu-
cgation to pellet debris. Lysate was incubated with primary antibod-
ies (1:100 for anti-Ed and 1:50 for anti-Arm) in 0.1 ml lysis buffer for E
(1 hr at 4°C. Protein A sepharose was then added and incubated 1r at 4°C. Analysis was conducted using SDS-PAGE followed by
estern blot using the ECL protocol (Amersham) and anti-Baz (1:
000) and anti-Cno (1:1000).
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